The state-of-the-art instruments for the determination of viscosity of liquids typically require a significant amount of sample, and have relatively low throughput due to manual and sequential measurements. In this study, it was demonstrated that the pressure generated by the flow of viscous fluids through a capillary could be precisely measured employing high-pressure liquid chromatography systems (HPLC) using glycerol solutions of moderate viscosity as a mobile phase, and correlated to the dynamic (absolute) viscosity. The parameters allowing calculation of the viscosity of glycerol calibration standards as a function of temperature were established. The measurements were made with volumes as small as 10 μL, and the use of an autosampler permitted unattended analysis of a large number samples. The method appears to be particularly well suited for the development of viscous formulations of therapeutic, protein-based macromolecules, where the amount sample is typically limited and relatively wide ranges of conditions are considered in the optimization process. The utility of the methods was illustrated by application to the development of concentrated inactivated virus vaccines.
Introduction
Viscosity is an important practical parameter that often determines limits of processing and delivery, and yields useful information about the state and interactions of macromolecules [1] [2] [3] [4] [5] [6] [7] [8] [9] .
OPEN ACCESS
In the realm of therapeutic protein and vaccine development, the relatively scarce amounts of sample available at the early research stages often hinder meaningful bioprocess design and formulation screening [7] . Originally viscosity measurements were based on the time that takes for a solution to flow through a glass capillary tube [10] . Nowadays, they are seldom used due to the time and effort required to make the measurements. More often, rheometers that measure not only the dynamic viscosity, but also shear forces are applied [11] . Falling ball viscometers capable of measuring a wide range of viscosity are also used [12] . A dynamic light scattering plate reader has also been used successfully to measure viscosity of concentrated protein solutions by utilizing the dependence of the diffusion coefficients of added sizing standards on solution viscosity [13] . More recently, a small volume viscometer based on a pressure measurement was developed [14] , but still it is a manually operated instrument. In this report, we describe the use of commonly accessible HPLC systems, combined with low diameter tubing and a glycerol solution as a mobile phase for the determination of the viscosity of concentrated inactivated virus vaccine solutions. This development is likely to be applicable to both aqueous and organic solvent systems where sample preservation and throughput are important considerations.
Materials and Methods

High Pressure Liquid Chromatography (HPLC)
The Waters Alliance 2690 HPLC system (Millford, MA, USA) was equilibrated with ~70% glycerol in water as a mobile phase and the temperature was set to 25.0 °C. The outlet flow from the HPLC pump was connected using standard finger-tight HPLC connectors and a 50 cm section of PEEK tubing (0.005 inches inner diameter, 1/16 inches outer diameter, red-striped, Alltech, Deerfield, IL, USA). It is critical to minimize the dead volume between the injector and low diameter tubing. Preferably, the low diameter tubing should be connected directly to the injector. The tubing was held in a column heater at 25 °C. The outlet of the tubing was connected to a photo-diode-array (PDA) detector for collection of UV signals to potentially estimate the concentration as well as turbidity measurements indicative of the aggregation state of tested samples. In most cases, however, refractive index differences between the mobile phase and the samples precluded collection of valid UV signals. Empower © 2 software (Waters Corporation, Millford, MA, USA) was used to run the instruments and collect the data. The stroke volume was set 130 µL, syringe rate to "slow", depth of needle to 0, pre-column volume to 0, and needle wash time to "extended". Bubble detect and degas options were selected. High and low pressure limits were set to 4,000 psi and 0 psi, respectively. The isocratic flow was at 50 µL/mL, with acceleration rate setting at 10 mL/min in 2 min. 10 µL injections were used throughout. The raw chromatograms were exported to a Microsoft Excel™ workbook for further processing. It should be noted that the time boundaries for peak integration depended on the particular tubing configuration. For example, replacing the tubing often required an adjustment of data processing parameters, followed by generation of a new calibration curve.
Materials
Glycerol (EM Science, Gibbstown, NJ, USA) dilutions in USP water were used as standards to set parameters and to create a calibration curve. A calibrated scale was used to measure the amounts of glycerol and water that were mixed to form the calibration solutions. Lyophilized bovine serum albumin (BSA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Inactivated and lyophilized Varicella vaccine samples were produced within Merck & Co. (Whitehouse Station, NJ, USA) and provided in 3 mL glass vials.
Results and Discussion
Optimization of Mobile Phase
USP water was initially used as the mobile phase. However, the resulting pressure vs. log viscosity plots were linear only up to approximately 10 cP, and the noise became excessive at higher values (data not shown). Additionally, the minimal length of tubing required to generate sufficient pressure signal was approximately 3 m, thus requiring relatively large injection volumes (approximately 40 μL) to fill that length of tube for precise backpressure measurements. The use of capillary tubing in combination with ultra high-pressure chromatography (UPLC) system was attempted, but the capillaries were prone to blocking due to the presence of sub-visible particles in highly concentrated protein formulations [15] . The problem of excessive noise for relatively viscous samples observed for the aqueous mobile phase buffer was solved by the use of 70% glycerol. With a flow rate of 0.05 mL/min, 0.005 inch internal diameter tubing at a length of 50 cm generated about 600 psi pressure when only mobile phase was run (shown in the later sections). Injection of liquids of lower viscosity such as water resulted in lower signal and injections of more viscous glycerol solutions generated signal approaching 2,000 psi. However, when highly concentrated protein solutions were injected, the signal decreased at the beginning and the end of the otherwise positive peaks, indicating that the water present in the injector tubing partially diffused into the sample during the injection (data not shown). Therefore, the injector system was re-equilibrated with the mobile phase (70% glycerol, ~20 cP), assuring efficient rinsing of the injector and at the same time precluding temporary changes of the pressure due to the introduction of small amounts of less viscous liquids during the injection.
Digital Removal of Pump Pulse Spikes
In typical HPLC pumps there are two pistons present, one that is pumping the mobile phase out of its chamber and into the system, and the other one moving in reverse direction while drawing the mobile phase into its chamber. When the pistons exchange their roles, a brief drop of the pressure occurs that is recorded by the transducer. The resulting spikes are seen in Figure 1 . A trivial Microsoft Excel™ macro program was written using embedded Visual Basic that "zapped" the negative spike peaks. The program scanned each profile point by point, and when a sudden drop (>25% of signal magnitude) was encountered, backed up two points to establish starting point for the linear interpolation. The 14th consecutive data point was used as an ending point; thus, the "zapped" region spanned 14 s (one data point was acquired every second). The data shown in Figure 1 illustrates the effectiveness of the zapping procedure as well as an excellent reproducibility of the method (four, essentially overlapping, runs are shown for each of the two samples). The effect of diffusion is also apparent, as the more viscous samples produced a narrower peak in comparison to less viscous ones. It should be noted that the exact concentration of glycerol in the running phase can vary over the long term due to water evaporation effects. The resulting back-pressure will also depend on the ambient temperature and the temperature in the thermostat, if used. For example, the calibration curves in the following figures intersect the zero line (where peak area is zero) at an apparent glycerol concentration of approximately 75%. Thus, injections of glycerol standards of well-controlled concentrations should be performed during the experiment to assure that the most recent calibration curve is valid. Generation of a standard curve for the measurement of viscosity using this method was performed using a series of glycerol aqueous solutions of various concentrations. The theoretical viscosity values were first calculated using the approach of Chang [16] , and compared to experimental values published by Dow Chemical Company [17] , and those given in the Handbook of Chemistry and Physics [18] . However, significant discrepancies were found between the calculated and listed values, e.g., the values for 80% glycerol at 25 °C were 45.9 cP and 47.0 cP at CRC and Dow Chemical tables, respectively, while the calculation method [16] yielded a value of 80.7 cP. Therefore, the Dow Chemical Company table was employed for the creation of the calibration curve. The values at 25 °C and at glycerol concentrations not listed at the original table were obtained by least-squares fitting to the relation [19] :
where η is dynamic viscosity, B and D are parameters, E s is the activation energy of viscous flow of solution, R is the gas constant and T is absolute temperature. The data points used for fitting are shown in Figure 2 . The temperatures from 0 °C (top curve) to 50 °C (bottom curve) at 10 °C intervals were used. A constant value of of 90 kJ/mol the activation energy of viscous flow was found to produce adequate fits, while the values of parameters B and D differed between the concentrations. The values of these parameters at different temperatures, as well as resulting values of dynamic viscosity at 25 °C calculated from Equation (1) are listed in Table 1 . A series of solutions of glycerol were prepared, their viscosities at 25 °C calculated using Equation (1), and their backpressure profiles measured after 10 microliter injections into the HPLC system (see Materials and Methods section for experimental details). At the first approximation, a linear relationship between logarithm of viscosity and the generated pressure was observed (Figure 3) .
However, more detailed inspection reveals a biphasic behavior, where two linear regions of slightly different slopes are discerned. Straight lines were fitted to these regions, leading to the equations for the prediction of viscosity based on the pressure at the pump for the particular system employed. The "cross-over" abscissa (X-axis) point is given by the point of intersection of the two linear fits, calculated from the relation:
where b 1 , b 2 and a 1 , a 2 are the intersects and slopes of the corresponding straight lines. The X value was 1.54, corresponding to viscosity of 35 cP. The peak area at the "cross-over" point was 702
(psi x second). Thus, for peak areas below 700, an equation y = 7958x − 11541 was used, and for peak area above 700, the equation was y = 13074x − 19412.
Figure 3.
Calibration plot for the series of glycerol standards. Points 1-9 and 10-14 were separately fitted to a straight line by a least-squares procedure embedded in Microsoft Excel™. The error bars show the standard deviation from four measurements.
Measurement of Vaccine and Protein Samples
A series of lyophilized Varicella vaccine samples were reconstituted in decreasing volumes of USP water to estimate the highest concentration that maintained reasonable viscosity for injection. Reconstituted samples were placed in HPLC vials and the procedure was executed as described above. The resulting plot is shown in Figure 4 . There was little increase of viscosity between reconstitution volumes of 700 μL and 100 μL. The intermediate range, where the viscosity raised sharply in decreasing reconstitution volumes, fell between 100 μL and 50 μL. At lower reconstitution volumes, the viscosity reached approximately ~50 cP, and the standard deviation also increased, presumably due to the presence of cell debris in the Varicella vaccine preparations, potentially leading to the interactions with surfaces in the sampling system needle and/or tubing surfaces. Furthermore, since the relationship of concentration and viscosity is non-linear, at high concentrations small differences of concentration will result in large changes of viscosity. In general, any differences of concentration between the injections that might be due to sedimentation or surface interactions will tend to increase irreproducibility.
This example illustrates the utility of this method, as a large number of measurements were made using minimal amount of sample. In fact, even smaller amounts would be difficult to handle because of evaporation effects as well as typical lesser accuracy of standard laboratory pipettes at that volume range. The experiment consisted of placing the volumes into the vials, loading the autosampler and starting the pre-programmed method within the HPLC system. After the runs were complete, the set of chromatogram files was exported into an Excel workbook, where the pre-programmed macro performed the removal of the pump pressure spikes, baseline correction, peak integration and the tabulation of the results. Thus, the entire operator's involvement was in the range of minutes rather than hours, which are often needed for traditional viscometry measurements.
Concentrated solution of bovine serum albumin (~100 mg/mL) was also injected into the system and the pressure was monitored as described above. No signs of increased noise, systems pressure or UV detector artifacts were observed, indicating that the partial dilution into a ~70% glycerol solution did not result in protein precipitation (not shown). The viscosity value, resulting from the procedure describe above, was 82 ± 5 cP. The same sample, when examined with conventional plate viscometer, yielded viscosity of 70 ± 1 cP, suggesting that some variations between the instruments should be expected.
Potential future experiments with a series of concentrated proteins at various viscosities, and examination of the corresponding UV detector profiles may help to evaluate various factors that may contribute to the method's accuracy and precision. At the present stage, however, the precision of the method allows for use as a tool in the differentiation between various proteins and formulations, in addition to obtaining approximate values of viscosity. In pharmaceutical development practice, the timing of the information and relative ranking are often of high importance, especially because often only a general qualitative range for each critical quality attribute is sought for developability assessment of therapeutic candidates.
Conclusions
In summary, a high-throughput, low sample volume method for the measurement of viscosity has been developed. The availability of the hardware in essentially every laboratory has the potential to make this approach widely applicable in formulation development not only of biological macromolecules, but also in any industry dealing with viscous liquids.
